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J«wi F. NorrU 

N«tion«l A#ron«ti;iwi «nd Sp«C 0 Adilnlttratton 
LMtt RtMitxh Ctfittr 
CItvtUnd, Otilo 


Abmiit 

Thcmtonlc citrgy convertlon (TEL) and 
MtalHc-fluld heat ptptt (NFNPt) otfar tapurtant 
and unique advantages In ternestrlal and space 
eneigv processing. And they are eel. suited to 
serve together synergistical ly. TEl nd NFHPs 
operate through working-fluid vaporisation, con- 
densation cycles that accept great theraal power 
densities at high teaiperatures. TEC and NFHPs 
have apparently simple. Isolated performance 
mechanism that are somewhat siriilar. And they 
also have obviously difficult, complected mate- 
rial problems that again are soimtwhat similar. 
Intensive Investigation reveals that as^vets of 
their operating cycles and material problems tend 
to merge: "In short, high- temperature material 

effects Uetermtni* the level and lifetime of ... 
performance." Simplified equations verify the 
preceding statement for TEC and NFHPs. Material 
properties and Interactions eaert primary In- 
fluences on operational effectiveness. And 
thermophysici'chemlcal stabilities dictate operat- 
ing temperatures which requlate the thermo- 
emisslve currents of TEC and the vaporization flow 
rates of NFHPs. Major hIgh-temperature material 
problems of TEC and MFHPs have been solved. These 
solutions lead to r*c>duct1ve, cost-effective 
applications of current TEC and MFHPs — and point 
to significant Improvements with anticipated tech- 
nological gains. 


£1 f leap and HIgh-Tt 


erature Materials 


serve as Interact Ine evaporators and condensers es 
wall as containers for these worSInf fluids. In 
such combinations thenslonlc-eneryy-converslofi 
(TEC) and heat-pipe processes functicn at lorn tem- 
peratures. lut their hlph-pomer d e esUy capabili- 
ties prevail at high tamperatures (Figs. 2 and 
3). "in short, hi ^temperature material effects 
determine, the level and lifetime of ... per- 
formance"'^*. 


Temperatures for optimum TEC and for some las- 
oortant terrestrial topping applications ippear In 
Fig. 2. Corresponding heat-pipe utlltiation could 
c cur at temp;>raCures near those for ^proprlate 
emitters and collectors. Possible heat-pipe ser- 
vice In projected space.appi Icattons comprises the 
entries In Tible Metallic fluid heat 

pipes (NFHPs) and TEC are also a synergistic com- 
bination for efficient high-temperature, high- 
power-density production of welght-effecMye space 
power near and above the megawatt level**'*'. 
Aiming at thit goal the USSR reported In 1976 on 
"the tests of three 'Topat* reactors* ("thermionic 
nuclear power plants") that* deawiist rated ... 
long-term stable and reliable weratlon with good 
reproducibility of parameters"**. 


TEC and MFHP Power Densities 


TEC heat Inputs can reach the order of 
100 Ht/cm*, as Implied by Fig. 2, There TEC 
outputs range up to tens of M«/cm* (Pq^) 
and tens of percent efficiency (not)* 


"It there is a single general trend that 
apF*1rs to the various combinations of heat 
sources a d conversion methods. It Is the one 
tcvard higher source temperature and higher sink 
temperature -- and consequently lighter weight 
systems. For tnis reason, the workshop felt that 
nigh- temperature -materia Is data was o* prime 
Import ante ...." I his is a quotation from 
U. A. Hanken of the Los Alamos Scientific Labora- 
tory, one of IbO experts who attended a recent 
symposium at NASA Lewis Kesearch Center on 'Future 
Orbital Power System Technology Hequlrements"^. 

Trie Inexorable evolution toward high space-system 
power levels is a movement to not only high tem- 
peratures but also nigh efficiencies and high 
power densities. 

Similarly nlgh-temperature, hIgh-power-densIty 
tupping promises higher efficiency, lower cost and 
less pollutijn per watt of electricity oi 
earth 2-20/ y^ry Important In these trends 
are two direct energy devices that process great 
power densities effectively through high- 
temperature niateri.j Interactions alone: The 

thenmonl: energy converter and the heat pipe 
operate on tnemial inputs only and have no moving 
parts. Their working fluids cycle continuously 
through evaporation, condensation and return flow 
by a self-induced voltage or a capillary-pressure 
difference (Fig. '). Speclall/ selected materials 

^irk funded by the U.S. Uepartment of Energy 
under liiteraoency Agreement EC-7/-A-31-1062. 


**0L ■ **E * *C ■ ''o ■ ''a ■ 'l^^'^ES ” 

”01 " ^‘’es ■ ‘’be*|**e ■ *c ■ ''o ■ ''a ‘ ^ 

|jEs(Fe * ♦ D.FilO"^^ 


0.0b ♦ 7.bxlO"^(Tg - iOOO) (Tj - T^)> (2) 


In these equation* and are emitter ai.d 
col lector work functions, Vq s the Intere icctrode 
voltage drop, Va Is the equivalent auxiliary Inpit 
voltage for enhancement, V|^ Is the voltage loss 
required tor optimum leads (equal to the expression 
within the square brackets In the numerator or (2)). 
■■EC the TEC electrode efficiency (equal to (2) 
with 2\li deleted from the numerator), Te and 
Tf are emitter and collector temperatures, the 
last term In the denominator of (2) approximates non- 
electronic thermal transport, Jq is reverse elec- 
tronic flow (Including reflections, backscattaring, 
back emission Jqe. and other effects that diminish 
output current), and Je 5 Is the current density 


for oafttor »«tur«t(on; 


J^5 • MU - #»pl-#j/li’^) U) 

wfitrt A ano k art Rtchard-ion and Soltjaann 
conatant* and tt tn# taffttr rtfitctlon 
cotff (cftnt. 


equation (if) it a tlupllfltd, /ot rtatonabit 
atllaatt appileabit for lo« ettlua conctntratlont, 
rfductd tnhanctd-aodt prtituroti clot* tltcirodo 
tpacinqt, and taall I rt f 1 1 Itc t rod# lotttt. ‘ id»r 
tucb condllim.t ibo back tnlitlon (Jm) 
appro. laatot^.^M*-!! ^ 


Jn - AU - 

whtro R|( coaprltPt Re (colltctor nrf lec- 
tion coerrlclent) and tiMlinr coefficientt for all 
Inter* Ipctrode nechanltMt tbat return coHector- 
aaltted electront to tneir tourcc — e.capt those 
for noncollltlonal repulsion by the eaitter 
sheath. With negligible interelectrode losses and 
reflections, back ee>ission eq<uls t^et tor collec- 
tor saturation; 


‘'is " lb) 

Vhe preceding equations verity a previous 
asser.lon: Niqn-iengirrature r.aterial effects 

(<l. R[. It. die, df, *<(., It, delereine 

the level of ItC performance — completely, this 
general I fat Ion includes enhanced-mooe operation 
also because represents a small traction of 
lie output recycled to increase efficiency, uith 
this rather limited baikgrouno a tabulation of III 
characterist ICS may nou be apropos: 


Ihermiontc-lnergy Conversion UU) Advantages 

Electricity directly trom heat 
ho moving parts or inherent mecnanical stresses 
High temperatures; nigh tarnot efficieiKies 
lireat poeer densities - uitn 
Broad near-ma. imum-ef f ic lenc y plateaus 
Rapid responses to load or neat variations 
(constant temperature) 

Lon Netghts 
Small volumes 
Modularity 


Modularity In UC App I led Research 
and lechnology lARI) 

ILL AR I Is essentially independent c»f other system 
component s 

Development and testing on the lab bench are 

effect I ve 

Converters are scalable 

Module building blocks aoapt to system sife and 
shape 

Repetitious rotational ( abricat ion nu^des apply 
Nearest-neighbor load sharing mimmifes unit- 
failure effects 

Modular designs allON UL-unit rep I ac emer t s 

Economy: resrar.h, development, fabrication, 

application 
Adaptability 
Reliability 
Md'.ntainab* I ity 


Although TEC accepts great thefmal pouer deis- 
sftles, MFHPs e.cel In this capability: They can 
r*c*lv* and deliver tnousandt of U^|cm radi- 
ally and tens of thousands aalally. Such perfor- 
mance falls within an envelope of mechanlitic 
llrltatlont t),. If led by the following sketch. 



IlMHlRAIlMl. I. k 
IHAI Pli'l nRiORMANU IIMIIS 

A simplified, yet informative e.prcsslon for 
maximum heat-pipe thermal power results 

from reduction oi a complicated quadratic equation 
by negiKtIng inertial and tnterphase 
effects^ 



In this equation the first factor is the "wick 
number* (N„)i the ."cond, the * I iquid-transport 
factor* or */ero-g figure of merit" (Mj); and 

is the *one-g wtekinu height* (Np). The 
subscripts w, I, and p designate "wick,* 
’liquid* and "pure." And A is area; g, gravity 
vector; k. permeability; L, length; r, radius; f , 
Inclination angle from hort/ontal; k, heat of 
vapuri/ation; u. viscosity; «, density; and o, 
surface tension. 

Equation (b) verifies that, aside from inter- 
nal geom«try, high-ttviiperature-material properties 
Ui, w|. p| and aj) and their effects determine 
the level of MIHP performance. Perhaps this con- 
text makes the general characteristics of heat 
pipes xiore meaningful: 


Ilk' Meat Pipe 

Is a t henna 1 energy transporter, transformer, ano 
isotnermal i/er; 

Is a compact, lightweight, se It -contained, self- 
pungied system; 

Operates with no mt'Ciianical or electrical inputs - 
and no moving parts; 

Allows diverse temperature ranges, high thermal- 
power densities, and low temperature gradients: 

Ib.OOO R/cne at IbOU* C *l /cm w/cm/*l 

Lithium (Li) rmat pipe O.l IW.lHiO 

Molten Clipper (cu) 4000 J. 7b 


Ilk* preceding simplified algebraic expressions 
indeed indicate that properties and interactions 
of materials at nigh temperatures dictate ILL and 
MMiP performances at their maxima. But an intro- 
ductory quotation states tnal "high-temperature 
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■«UrUI 0 ffKt» 0«ttnitnt tN Itvtl «nd Mfttlat 
of ... ptrfoNMNCt.* And bKMM tHonMlIy M^o- 
ntfitUI ttndfflclM of dotroOUton-roto ccottaiHi 
con Ot cniclol. *.tit foct tAot. *A(fA>tdaH^'«tora 
■otoHal tffncu dottratno tho ... hf«l<«* tt 
of ton aon lapo^tont. In procttct. thonM* 
OAyotcocAoalcol ttotHU/ ll■(tl dtorottni to»> 
poroturoi, hiwo TF.C thomo) oatuton and MFHf 
viportiatton ratot. Thortfe>^, can Mpn* 
ptrfonaanca TEC ano MFHft Hlthatand thonMlIy 
Kcoltratad dotortoratton and l(»o product(vo)y to 
tconoalcally old agotT 

Ansvortng tnu oiiottton rtquiroi firat a illag- 
noatt of aoM of tho aoro doatructivo ravagaa poa- 
alblt during Mgn-toaporaturo TEC and MFMP ua'o^o- 
tion: lot^ dtvicoa art aubjoct to Inttmal aUalt- 
aotal corroilon and aolutlon acctlorrtod by lo« 
concontratUna of lapurltita lUt oaygon. In tor- 
roatrtal atrvlct both auat aurvivo oitornal at> 
tacka by not corroaivo gaaoa. For apact ipplica* 
tiona both auM oppoat aubllaatlon of tno«r oattr> 
lor aurfaco'. into tno hard<vacuua aablanct. And 
tnt ntar>vacMua ultnin TEC adalta of viporiiatlon. 
coitdonaatlon coapitcatlona that could cauao work- 
function altaratlona and coat Inaulatora. Alao 
Mhortvar Inttrfacaa of differing aatarlala oncoun- 
tar high taaparaturaa. reaction and dlffualon looa 
aa aajor :oncarna. Accentuated effecta of the 
latter phinoaenon occur when coapoaltlon dlacon- 
tlnultlei promote void formatlona |Klrkendall) 
that dtninlah transport croaa aectlona. Finally 
tneraal creep, expansion coefficient nlsaatches, 
and solld-pnase transitions demand attention In 
temperature cycling and gradients. 

But at subsequent dtuutslon reveals, solu- 
tions for these problems are available to mjke 
hIgh-temperature TIC ano MFhPs viable. 

Successful Limitation of Alkall-Hetal Corrosion 

Since the WoO't TEC technologists have con- 
sidered cesium (Cs) corrot.on under control to the 
extent that it no longer poses problems. At 
reference JS states "... the materials used are 
not attacked by Cs ..." In addition, utllKatlon 
of ultra-pure Cs, strict cl^'anllnett, effective 
getters and hloh-temperature vacuum bake-outs 
Insure long lifetimes for TEC Interiors. 

The tame general approach produces acceptable 
results for MrHPs, where LI usually provides the 
ult Imate corrosion test. But In 1973. reference 
36 asserted, "It has been concluded that U-i^bKe/LI 
iSIC) heat pipes promise a lifetime of many yeirs 
at 1600* C." 

This achievement Is particularly noteworthy 
because the heat-pipe cycle concentrates 
corrosion-accelerating Impurities at the evapora- 
tor surface. Therefore locallaed thermochemical 
attack Intensifies continuously In the 
perfomance-affect Ing Hne structure of tlie wick 
as Indicated In f ig. 4* 

Such alkal 1-meta1-corros1on effects catalysed 
by oxygen (0} dramatlae the Importance of oxide 
getters as metallic-fluid preloaaing processors, 
as In situ purifiers and as alloy constituents. 

Of course good getters release much enthalpy ano 
undergo nearly as great negative free-energy 
changes upon l7 — Hke the metals 

In lower Fig. A qualitative version of 


SOM of thoM date I lap I If let tnetr preientet . *e 
soiewiiet In Fig. 6*2. a greet difference be- 
tween free energies of oeioe foraetlon for two 
metals Indicates a strong 0-getterlng prreitvity 
for tne one with tbe aore-n*g«Live frae-energy 
ciiange. Iwt this Is a general I <at I on b«sed on 
egut librium concepts. And degrees or rates of 
approKb to equilibria are not estimable from 
free-energy values. In fact solid-state trans- 
port usually controls getterinp rates after Ini- 
tial Superficial reactions. 

However Figs. 6 and 6 provide some Interest- 
ing TEC and MFHF Insights: One Is the observation 
that TEC Cs Cwr scavenge Impurity Okygen, then 
siirronder It to the Ta or hb envelopes. Tnis 
e’ean-up process might have caused early relative- 
ly uncontrolled TEC tests, which often began with 
high perfonMnees typical of 0-aoditlve ri'.tiance- 
ment, to taper off to lower efficiencies with co'h 
ttnued operation. 

Consensus places 0 solubility In Ta and Nb 
near one percent at several hundred degrees centi- 
grade Old abater than five percent above 
*’1500* But dissolved Okygen embrittles 

these refractory metals. So popular Ta and hb 
a" ys Incorporate small amounts of hafnium (Hf) 
and itreontum (2r), raspoctivoly, to getter solid- 
solution 0, fla It as distributed oaides. and 
reduce brittleness*'. But welding and other hot 
prKessIng t?nd to segregate slag and other lo^ 
purities at Interfaces. Thus, because LI can 
attack Ta, hb, 2r, and Hf oaides successfully, LI 
heat pipes of suen alloys often succumb to Inter- 
granular and weld perforations. However, as pre- 
viously stated, properly processed W alloys 
serve admirably as high-tamperature LI heat 
pipes. This statement Is alto true for No and 
tome No alloys. 

Although LI can getter 0 from most oaides. It 
Is subject to gettering by a few metals like those 
at the bottom of Fig. 5. One of these, lanthanum 
(La), It present In the order of a tenth percent 
In Haynes Alloy 18B (cobalt (Co) *40 percent, 
nickel (hi) *22 percent, chromium (Cr) *22 per- 
cent, tungsten (M) *14 percent and Iron (Fa) 

*2 percent). It It noteworthy that a Haynes 188, 
lithium heat pipe has teen and Is running with an 
evaporator temperature of *1250 K for over 19,000 
hours (mid-November 1980) at the NASA Lewis 
Ketearch Center. This heat pipe was part of a 
project to determine advintaget of very hlgh- 
tamperature, hard-vacuum preloading bake-outs on 
LI and sodium (ha) compatib.lltles with several 
superalloys during heat-pipe operation. In prac- 
tically all such preceding compatibility studies, 
access to corrosion-accelerating Impurities had 
been assured. Unf ort unate ly the project objec- 
tive was thwarted at the outset because the sup- 
plier was forced to use metal-felt wicks, which 
are difficult to clean up, rather than the stipu- 
lated screen. As a result, bake-out achieved only 
In the order of 10~* torr rather than the specified 
lower than 10*' torr. Subsequently the other 
(non-HAlBB) superalloy, LI heat pipes failed early 
with destroyed wicks and severe Internal wall at- 
tacks. Two Haynes 1B8, LI heat pipes developed 
leaks In stress cracks caused by welding after 
*200 hours. But sectioning and mlcroKOpIc exami- 
nation revealed no Li effects on wicks or walls 
(unpublished results from u. B. Kaufman, M. E. Frey 
and J. F. Norris of NASA ..ewis Research Center). 
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In this vein n-eltoy, Li heat pipes shou'td 
also be available soon for long-lived, Mtigh',- 
effectiye space applications ranging tc over 
1300 K'^', Such availability was unenpected for 
years because some authoritative heat-pipe pub- 
lications state that the only aUali metal com- 
patible with Ti is Cs. But a preponderance of 
non-heat-pipe literature indicates that Ti should 
serve w«!l with any alkali metals as working 
fluids, including Li■^^ Contract verification 
of this assertion is underway. 

Such additional success In limiting alkali- 
metal corrosion will enhance TtC as well as MFHP 
technologies. 

Protection Ajainst fcaternal Hot Corrosive Gases 

Advantageous terrestrial utlliaation of 1EC 
and MFHPs demands operation with direct exposure 
to fossil-fuel combustion products at high tem- 
peratures. And such service requires efficacious 
protective coatings on heat-receiving surfaces. 

But Subjection to hlf*' velocities and mechanical 
stresses is unnecessary because MFHPs can collect 
low thermal-power densities and transform them to 
appropriate, nearly isothermal TEC inputs. 

Si I icon-carbide (SiC) clads for TEC in topping 
of power plants (TOPP) arose as a promlslno solu- 
tion to this hot-corrosion problen^tlA-lB, 48-64 
acting pre-1970 Office of Coal Research contract 
stu.iles. Reference 2 reports on the tnennal-shock 
stability, thermal -expans ton compatibility, 
molten-slag resistance and not-corrosion protec- 
tion of SiC-clad TEC. Recent EPRl-supported work 
on coal-fired recuperators and regenerators fur- 
ther supports SiC as a high-tempsrature heat- 
rece ving surface. 

Now Thermo Electron Corporation (TECO’; Is test- 
ing a series of SiC-clad TEC diodes In fossil-fuel 
combustion products. One with a 17JO K w emitter 
pasred 3500 hours (early December 19B0) and is, 
continuing. Tests after over bOOO hours for 
another SIC-clad converter with a IbJO K W emitter- 
yielded gratifying resultsl*^: 

"Electron microprooe analysis showed no 
evidence of any r-eactlon between the 
interfaces of the tungsten, graphite, and 
silicon carbide. X-ray diffraction pat- 
terns of the silicon carbide were com- 
pared to those from unfired silicon car- 
bide, The patterns were essentially 
identical and showed primarily silicon 
carbide. Knoop microhardness tests indi- 
cated there was no change in the hardness 
during the life test. The hardness at 
the dome was KH,n 2600. The following 
impurities were found on the dome area of 
the hot shell; aluminum, magnesium, 
potassium, and iron. The first three 
probably originated from the furnace 
firebrick and the iron from tne melted 
flue pipe. Significantly, no chemical 
reactions between these elements and the 
silicon carbide were indicated. Appar- 
ently, no change or degradation to the 
composite shell resulted from the bOOO 
hours of operation." 

TECO also revealed that TtC fabrication based 
on chemical vapor deposition (CVD) with suitable 


SiC cladding if more economical than conventional 
fabrication for lower-temperature superalloy pro- 
tection. f;ie laminar W. graphite (C), SiC dome 
(emitter, thetmal-expantian adapter, protective 
coating) can also be manufactured on reusab'e man- 
drels. So directly-fired TEC appears cos'. - 
effective as well as feasible. 

TECu has also demons trw ted adaptability of 
their methods to produce SiC-clcd MFHP envelopes. 

Coping with External and Internal Vaporiiatlon 

Some lower-t finperature terrestrial applica- 
tions of TEC and MFHPs anticipate external not- 
Cfrosion protection by superalloys as previously 
mentioned. Such materials often serve well con- 
siderably hotter than 1400 K In combustion pro- 
ducts because of adherenl protective-oxide folia- 
tions (see numerous NASA LeRC publications on 
superalloys®®). Iheretore it is not illogical 
to assume that the absence of corrosive attack in 
this chemically benign hard vacuum of space should 
allow satisfactory servic? by these superalloys at 
even higher temperatures. But of course this 
assumption fails to eventuate. 

As Fig. 7 testifies the most Important super- 
alloy constituents (Co, Cr, Fe and Nl) vaporize 
separately at about a mil per year between -1160 
and -1260 K. Of course escape rates from alleys 
differ from those of pure materials because of 
dilution, .association, and diffusion effects. But 
Fig. 7 enables esti.iiates of high-temperature 
vaporization into vacuum for non-assoc iated sur- 
face components. And a mil per year is signifi- 
cant for lightweight space structures. 

Much slower vaporization rates as well as 
higher melting points, great strengths and much 
lower densities make Ti alloys excellent candi- 
dates for MFHPs in space^' (Fig. 8). Ti sub- 
limes at only 0.1 mil/year near 1300 K. But such 
service temperatures for unprotected Ti envelopes 
on earth would be Inconceivable. Mere long-term 
use o' unclad Tl generally occurs at temperatures 
belov d/0 K, 

For satisfactory sublimation rates at tempera- 
tures above 1300 K, alloys of Mo and U or even of 
Nb and Ta, with proper precautions, can serve well 
for TEC and MFHPs (Fig. 7) ~ bare for space and 
other vacuum environs and suitably clad for usual 
terrestrial applications. 

As previously described, MFHPs function 
through evaporation, condensation, wicking cycles 
for fluid metals: internal pressures tend to 

center around one atmosphere, often between 0. 1 
and 10 atmospheres. But although metal vaporiza- 
tion prevails In MFHPs, wick and envelope mate- 
rials must be thermally stable to maintain geo- 
metries essential to performance. 

However vaporization, deposition problems 
demand special attention in TEC, where high tem- 
peratures and surface phenomena dictate perfor- 
mance. Line-of -sight or maze shielding can pre- 
clude insulator short-outs. But emitter-vapor 
deposition can be critical on the collector. 
Adsorption of only a fraction of an atomic layer, 
less than IQ-^cm, of a different material on an 
electrode can drastically alter its work function 
and electron reflectivity — hence Us TEC per- 
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fomance (Lqs. U) lo (b)). Thus emltier-vapor 
JeposHs on tho t,ot lector are as tmportant as they 
are unavoldahle^**; 

"The hot, close-up emttler practlcall.' 
covers *he 'Several -hundred-aegrees-cooler 
collector, hah the emitter vapor pres- 
sure is several ordcM's of maynitudc high- 
er than that of an emitter-vapor deposit 
on the collector, bo in low-pressure con- 
verters the arrival rate of emitter vapor 
on the collector is several orders of 
magnitude greater than the departure rate 
of ifs accumulated emitter-vapor depo- 
sit. This arrlval-to-departure ratio ap- 
proximates the nciual emitter vapor p>’es- 
sure divided by Its vapor pressure at the 
collector temperature with that quotient 
multiplied by the s^iuare root of the 
col lector-to-emltler temperature ratio." 


diodes). And gratifyingly the published consensus 
in 1974 Indicated that braying, diffusion and 
reactions uetween Latt(, and its support were not 
problems. But today the inability to maintain a 
1700 K LaBK emitter on a refractory-metal base 
for over luO to iiuO hours**®**** still frustrates 
practical applications. However history teaches 
that such diffusion and reaction problems usually 
yield to concentrated applied research. 

In general the problem of 'contact diffusion 
interaction of materials" causes major difficul- 
lies orifljnatir.g at high- temperature inter- 
faces'®*^*. Other pertinent examples are the 
previously mentioned solution effects of alkali 
metals and oxygen (particularly in niobium and 
tantalum) as well as the inteiwingli ig of fuel 
with ‘ts imitxjdlate container in nuclear power gen- 
erators like the in-core thermionic-converter or 
heat-pipe ..ont igurations. 


Accoruingly )n TIC, enn tier- vapor aeposlts 
tend to build up on collectors. Therefore 
utlllyinq the material deposited on it by the 
emitter as the collector is a simple, general 
solution for this lU vaporuatlon, deposition 
problem. Otlien answers are possICie out 

except lon.il*H,<Jl. 

In any event coping with internal and exter- 
nal vapori /at ion in ILC and MfHl’s essentially 
reduces to selection of the proper materials, 
which are available and viable. 

lontrolllny Intertacial Keactlons and Diffusion 


In the latter area refer'ence 70 presents re- 
sults obtained by a group of UbbK scientists who 
contributed tlieoretical ly and experimentally to 
the understanding of fuel, clad interactions. In 
turn reference 71 corrects their simple diffusion 
equation, then derives more rigorous versions 
through Laplace transf onnation of the differential 
rate expression, "small-system" approximation, and 
finally complete inversion with subsequent simpll- 
f icat ion: 


C(x,t) <4^ C(0,0) I ♦ cos - cos exp^- ^ 


Aside from the previously discussed working- 
fluid inlUiences, reaction and diffusion effects 
are realty not problematic in standard MHllS. 
Selection, e leclron-beam welding and higli- 
temperature, hard-vacuum baking of identical wick 
and envelope materials, whlcn have proven thermo- 
pliysicochemical stabi 1 lt>, _pracl 'cal ly eliminate 
such problems to over IbOO" C. And external liot- 
corrosuin protection developed for Ui' applies at 
least for small and intermediate heat pipes, which 
offer the advantage of near-lsottieniial ity. 

In high temperature fossil -fuel .ombustion 
products, Uie Ilc'O biC, L, w dome for ItC showed 
"no change or degradation ... from t'UOO hours of 
operation" with a IbJO K emitter. In vacuum, a 
cylindnc diode wtin a -ly/J K w emiltcr O.ti mm 
from a *1073 k Nb collector generated ti W/cm*-' at 
0.7h V and 14 peixent olectrooe efficiency for 
over b years before a 1973 contract termination 
slopped It. So intertacial reactions and diffu- 
sion appear well under control in slandare Itl 
also. 


Introduction of new high pert oniiance elec- 
trodes someliiiies causes dift icult les. for exam- 
ple NASA LeRc proposeo a is diode with an emitter 
and a collector of La hexaboride (LaB^) .n the 
late lywJ's and again during the reaclivalion of 
Us TtL program in In ig// NASA LeKl 

and USSR technologists both oemonstrated high- 
pertoniianco TEC with nononented LaB^ elec- 
trodes^ Control led depos It ion of poly- 

crystal I me iiietal-hexabonde films***, witn pre- 
ferred or ^tch-re 1 leved 100 or CIO orientations 
for LaB^, promise even better 

pc rto nuance in practical ItC configurations 
(similar to CVO'd 110-W electrodes in cylimlric 


where C is concentration of A In U varying 
over a short time I and very small distance x 
in accordaiKC with a dominating diffusion coeffi- 
cient D for A in 8 and a layer-growth 
constant k. 

Diffusion is ot course a critical influence as 
an entity at hi gti- temperature interfaces. But 
more crucially it generally dictates rates of 
corresion and other chemical reactions In prac- 
tical systems — after the initial Superficial 
Interactions deplete local compositions. To fur- 
ther elucidate the last observation, consider the 
simplistic but heuristic example of pure-metal 
oxidation controlled by migration in an ideal 
solution (after E vans' from Hurlen^'^/. For 
this situation the absolute reacton-iatt tfieory 
(Eyring, Lauller and Glasstone) yields an »xpres- 
sion for one-dimens ional net transport of a 
species icorrecied from Ref. Jc)‘. 

v« ( Aki /h)exp^-aG^^RT^Lc exp(-av/f dB/RTdx) 

- (c ♦ X dc/dx)expt(l - a)x/Fd#/RTdx) J (8) 

The pre-bracket factoi', specific rate for a unit 
concentration wiltiout fields, involves no net 
transport. The first lenii m the bracketed factor 
represents acceleration by the field. The second 
term m the brackets covers retardation. Also in 
(8) V IS the net transport rate; x, the equilib- 
rium distance between migrating chained particles; 
k, Bott/mann constant; T, degrees Kelvin; h, 

Planck constant; aGj,, standare chemical activation 
energy; R, gas constant; c, concentration of mi- 
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grttiin tptcttii ■, syMMtry factor; r, ntgratlng- 
part (c It chargt; F, Faraday tqu^vattnt; d, tnntr 
potential: and a. dittanct In tht transport dl- 
nactlon. 

SlnpHfy'ng assumptions and transformations 
load to an ipproRlmatt tx;,rtsslon for film thick- 
nt«s y rtlattd to an aqul valent oalde volume V 
and to a values across the film: 

dy/dt - Vv(>), ad/y ■ dd/dx, 

ac/y - dc/dx. aG ■ F/ad and r ■ 1/2 (9) 

dy/dt - 21 * k^C|^y[exp(-XjZjaG/2HTy) 

1 

- (I ♦ x^ac^/yc,^y)i>xpu^*,aG/2RTy)] (10) 

where t 1$ time and K ■ (Vxkl/h)exp(-aG|/RT). 
From this simplified yet unwieldy equation Evans 
extracts some of the more common reduced forms 
used to correlate corrosion data. 

For high temperatures and ' ■ro-' ri thick- 
nesses the exponential of Eq. (10) submits to 
series expansion with small-term elimination: 

K,X,Ci^y(2ja6/RT 

* ^ O'" * kpt ♦ const. 

( 11 ) 

And the classic parabolic corrosion expression 
results. 


dy/dt 


alloys, nonideal multlcoaponont solutions, steep 
temperature gradients. Inhomogenieties and myriad 
otr<er realities are nonael effects In Ktuel 
Interfaclal diffusion end reactions, iut this 
somewhat superficial description begins to Indi- 
cate the problems and underscores the Importance 
of life testing. 

The preceding amplification began with a coi»- 
mcnt on new high-perfonaance TEC electrodes like 
LaBg. Gratlfyingly, unorlented and CVD'd UO-M 
tlecirodcs with negligible Interelectrode losses 
can provide optimal TtC fo" aopllcatlons requiring 
“100(X- to -llOO K col lectors*®. Furthermore 
high pcrfonaancc U and Ho electrodes with stable 
or steady-state supplier of enhanclit) 0 are In the 
offing'^. And for such TEC materials "Inter- 
faclal reactions and diffusion appear well under 
control." 

Meeting Other Thenaophyslcal Challonoes: 
tapens ion Matches. Creep. . . 

One of the first considerations In anticipa- 
tion of a laminar composite, particularly of un- 
forgiving refractory materials like tungsten and 
silicon Lsrbide, Is the match of thermal-expansion 
coefficients. An excellent example of such an 
evaluation from the late I960’s appears In 
Ref. 2; Fig. 9(a) comprises prepubllshcd 
data'3; Fig. 9(b), data obtained during the pub- 
lished study'". Separately the sets of results 
reveal near-matches for W and SIC thermal expan- 
sions. Together they predict practical coin- 
cidence. 

The significance of this comparison was im- 
pressive In tire late 19bQ's, even as it Is 
today : 


In contrast for low temperatures and small 
film thicknesses a bracketed exponential term In 
Eq. (10) approaches negl igibi 1 Ity: 

dy/dt • ^ K^c^ y exp(+x^z^a6/2RTy) 
i 

or y"^ • const. - log t (12) 

This Is the Inverse-logarithmic relationship for 
corrosion. 

A cubic version derives from corrosion models 
Invoking assumptions of semiconductor properties 
for the oxide film. The result is equivalent to 
assuming corrosion conditions validating ap^ 
as ar approximation of exp(p) -exp(-p) in 
Eq. (10): 


dy/dt m a 



K^Ci y(v^2lA6/2RT) 



"Six molybdenum tuoe samples, coated with 
virlous ttilcknesses of thick grain CVO 
silicon Carbide have been received from 
Chemetal and subjected to a series of 
thermal shock tests, both in a vacuum 
furnace and In a natural gas flame. The 
objective was the evaluation of tne coat- 
ing adhesion. Temperature cycling In the 
vacuum furnace covered the range from 
approximately 4UC to 1500 K. The samples 
were Inspected after one, three, and six 
temperature cycles. Following these 
tests, the surviving samples were sub- 
jected to natural gas flame i.eating and 
ambient air cooling for a total of ap- 
proximately 40 cycles. The conclusion 
reached In these preliminary tests Is 
that when a thin Intemiedlate layer ot 
tungsten Is used, the molybdenum 
substrate-CVO silicon ca’*b1de coating 
will withstand the thermal stresses over 
the temperature range of Interest. No 
evidence of layer separation was dis- 
closed In metal lographic examination of 
tube samples." 


or y^ * K^t ♦ const. (13) 

Rather than semlconductlon, catalysis assumed In 
corrosion modeling can lead to linear time de- 
pendency. And all these variations evolve from an 
admittedly simplistic, even unattainable system of 
a pure metal limited In corrosion by transport 
through an Ideal solution. Complications of 


The contribution of this thcrmal-expans Ion-match 
observation Is critically Important to MFHPs for 
terrestrial use as well as to TEt . 

Incidentally, a reference-2 silicon carbide 
sample "temperature cycled over 7300 times" In, 
hydrocarbon-combustion products "to about 2800* F 
in about one minute," followed by "a two-minute 
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cool-off to 4bout 7U0‘ F. Co4l 4<h Mit dopoilted 
on the lurfece of t)>e test sample ocrlng the cool- 
down portion of the test cycle ... Tn« only visi- 
ble effect on tne silicon cerbide wes «n erosion 
of about 0.02 Inch where the* pressurlynd fleme 
Impinged on the sample. *It was appirent that the 
temperature of this point was considerably higher 
than the measured tempo. ature of the test sample 
.... As before, solidified coal ash was evident 
on fie tube surface, but sectioning and metallo- 
graphlc examination ... shmed no coal ash pene- 
tration of the stifeon carbide. Tfie solidified 
coal ash observed <.n the test sample was a result 
of the final cool-down. Ourl'ig the temperature 
cycling, good run-off of the coal ash was observed 
at the high temperatures, leading to the conclu- 
sion that the final air heater would Indeed be 
self-c leaning.” 

Subsequent references on SlC service In 
fossil -fuel combustion products support and aug- 
ment reference-2 f Indlngs^^-^* For exaitsile. 
T£C0 rvcently healed its SIC. t, W dome at 1875 K 
for over 70 hours, sprayed water on it at 1875 K 
10 times (1000 K between the water-coo led spot and 
the rest of the dome), poured liquid nitrogen on 
It at 1875 K 10 times, then cycled It from 1876 K 
to <900 K over 150 times, then from 2025 K to 
<900 K over 100 times taking about one minute for 
each cycle — all with no 111 effects to the SIC, 

C, W dome. 

Interestingly, ItlO uses C to more carefully 
adapt silicon-carbide t henna I -es pans u»n to that of 
W. And Chcmetal'' utilizes W for thermal- 
expansion adaptation of SiC to Mo. The latter 
lamination has yet to undergo long-term high- 
temperature exposure io fossil-fuel combustion 
products, successfully experienced by the f armer. 
But results of both approaches are gratifying. 

In addition to the thenna 1-expans ion effects, 
ref ractory-materlal strength and creep at high 
temperatures are of course important in TtC and 
MFHP appl icat ions. In this vein, Just subsequent 
to mentioning SiC and C, two referential observa- 
tions arc pertinent; First "it is ' iterestlng to 
note that sintered SiC exhib .s an increase in 
strength with an increase i test temperature up 
to about 2800’ F''..,78, r^cond "graphite 
possesses high thennal conductivity, a low modulus 
of elasticity, a low coefficient of thennal- 
expansion, and txMatively satisfactory strength 
Increasing with increase In temperature to 
2700* C"79. Conceivably such protective clads 
and thennal -expansion adapters might also serve as 
structural members at high operating temperatures. 

High temperature structural members are sub- 
ject to the thennal creep°i^’l^^. This phenoijenon 
is the t ime-depenuent plastic deformation of a 
material under sustained loading at temperatures 
above about half Its melting point value. Like 
many other thermophys ical effects, creep Is com- 
plex, even in pure polycrystalline metals. Here 
In general high-temperature creep resistance 
relates to high levels for the melting point, 
elastic modulus, stability of fine grain »ize, 
crystal-structure constant for self-diffusion, and 
valence state. Departing from pure metals intro- 
duces consideralicr.s of strengthening by solution, 
precipitation, dispersion and composite effects, 
ir practical appl Icat ioi s, pennutatlons of com- 
plicating influences are myriad. For example, 


rtfcrqnca 47 ttaUs that "the maximuffl 0 leva I In 
Na n«c«s»ary to avaiil tmbi'itt lament of fib at 
700* C hat been attimat'id to ba less than 10 ppm.” 

Tha preceding scare tactics are really 
Intended only to Indicate that published creep 
values for a given material can vary conslder^ly 
with little or no apparent reason. But tuch 
Information is particularly important for MFHPt 
and TEC In systems with “lIlOO K emitters. And for 
these applications, satisfactory materials art few 
as the creeo-strengtn curves of Fig. 10 
1 1 lustrafe®3. 


In any event high-tempurature TEC and MFHPs 
based on the ctep resistance of U and M alloys 
have demonstrated in vacuum capabilities for many 
years of service. Ta, Nb and Mo alloys afford 
effective cr'eep resistance for selected applica- 
tions also. Figure 10 shows such alloys: T-111 
(Ta, 8W, 2Hf|i A5TAR-8UC (Ta, 8W, IRe, 0.7Hf, 
0.J5C); fib, iZr; F5-85 (Nb, 28Ta, iOk», Ur); TZC 
(Mo, l. .'TI, 0.25Zr, 0.15C); -.nd TZH (Mo, 0.5TI, 
O.ObZr, O.OJC). 

Weight-effectiveness In space and cost- 
effectiveness In general drive toward minimal wall 
thicknesses alludeo to In Fig, 8. For such condi- 
tions the previously mentioned "stability of fine 
grain size" Is very important. This state not 
only maintains creep resistance, but also avoids 
recrystal 1 izat Ion grain dHnensions and Inter- 
granular paths approaching containment-wall thick- 
nesses. I he latter occurrence promotes fluid 
leaks as well as strength discontinuities. 

Specially selected additives can Increase 
ct-gep resistance, retaro recrystal 1 Izat ion and 
control solid-phase transitions often accompanied 
by abrupt changes in properties like thennal 
expansion. Referring again to t Itanium may 
exemplify tiin last observat lon-^ ' : 

"Ihennopnyslcal ly, Ii undergoes a solid- 
phase alteration at about llbO K. Here 
rising temperatures change the closely 
packeu-hexagonal "alpha" structure to the 
body-centered-cubic "beta" configura- 
tion. However this transformation, like 
the o-to-Y transition for iron at 1180 K, 
causes no great difficulties®^. The Ti 
o-to-e phase-change temperature rises 
with A1 additions and falls (even below 
room temperatures) with inclusions of Mo, 

Fe, tr or V. Coimterc ta 1 ly available pure 
( 99.6 percent) Ti and Ti, 5A1, 2,5Sn are 
alpha alloys. Ti, 8No, 8V, 2Fe, 3A1 is a 
beta alloy, and the most widely used Ti, 

6A1, 4V IS an "alpha-beta" alloy. 

Like fi, refractory metals Zr and Hf, also in 
penodk group IVA, undergo sollo-phase transl- 
t ions'* In contrast group VA Nb and Ta 
as well as group VIA Mo and W exhibit no solid- 
phase changes. 

The considerations raised in this soc*^iun re- 
present some obvious difficulties that have been 
overcome on tne path to successful applications of 
high-temperature TEC and MFhPs. Many other less- 
impressive thennopnysicai challenges have arisen, 
then fallen under the pressure of applied research 
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High- Tamper a ture TEc anij in Brief 

In addition to the detailed similarities at 
TEC and MFMPs emphaslaed in the introductory see- 
tions, a generaliteC parallel can be drawn: Tne 
two operating cycles appear as invitingly simnie 
and Isolated as their material problems seem fore- 
bodingly difficult and complected. The first ob- 
servation Is deceptive; tne second, candid. Both 
areas required intense study and experimentation, 
wnich resulted <n recognition of their singular 
relationship. "In short, nigh-temperature mater- 
ial effects uetertnine the level ana lifetime of 
... perf ontiance." 

Simplified equations verify material proper- 
ties and interactions as primary influences on tiie 
operational effectiveness of both TtC and MFHPs. 
And being essentially evaporation, condensation 
cycles, TEC and MFHPs experience flow limitations 
In thermal emission and vaporization because of 
temperature restrictions redounding from ihermo- 
pt\ys1cochemical-stabi 1 ity conslderatior’s. Thus 
attaining practical lifetimes generally implies 
limiting performances in exchange. 

But as previous discussions reveal, major 
high-temperature material pi'oblems of Ttt and MfHP 
have been solved. The solutions are vrorkahle and 
economical and lead directl) to applirations Hal 
are productive and cost-effective. In fact cur- 
1 ‘ent performance and cost levels imply improved 
outputs, ef f 1C i( nc les, and economies fot Uc lopp- 
ing of combustors, centra 1-stat ion pjwer piauts 
and ether advanced conversion systems Heated by 
high-temporature . iiergy sources. 

And anticipated technological gams point to 
even greater improvements for future Hi and MfHP 
applications by more fully ulilizmy high por*ei 
densities from hi gh -lemperalure matenal 
interactions. 
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TABLE I. - continued. SOME SPACE APPLICATIOBS FOR MSTALLIC-FUJID HEAT PIPES 
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